Recombinant plasmids containing the Pediococcus acidilactici L-(+)-lactate dehydrogenase gene (ldhL) were isolated by complementing for growth under anaerobiosis of an Escherichia coli lactate dehydrogenase-pyruvate formate lyase double mutant. The nucleotide sequence of the ldhL gene predicted a protein of 323 amino acids showing significant similarity with other bacterial L-(+)-lactate dehydrogenases and especially with that of Lactobacillus plantarum. The ldhL transcription start points in P. acidilactici were defined by primer extension, and the promoter sequence was identified as TCAAT-(17 bp)-TATAAT. This sequence is closely related to the consensus sequence of vegetative promoters from gram-positive bacteria as well as from E. coli. Northern analysis of P. acidilactici RNA showed a 1.1-kb ldhL transcript whose abundance is growth rate regulated. These data, together with the presence of a putative rho-independent transcriptional terminator, suggest that ldhL is expressed as a ...
The production of lactate is particularly important in the process of silage conservation. Pediococcus acidilactici is one of the main lactate producers in silage (24) . This bacterium is a homofermentative, gram-positive bacterium which uses the Embden-Meyerhoff pathway to convert glucose to pyruvate. In P. acidilactici as well as in some other lactic acid bacteria, the reduction of pyruvate is catalyzed by two different NADHdependent enzymes, the L-(ϩ)-lactate dehydrogenase (L-LDH) and D-(Ϫ)-LDH (25) . Understanding of the molecular genetics of this lactic acid bacterium is not far advanced, and the corresponding genes are unknown.
L-LDHs from bacteria are either nonallosteric enzymes, or they are allosterically activated by fructose 1,6-bisphosphate (FBP) (25) . Regulation by FBP is critical in determining the pathway of fermentation. Results with streptococci (18, 57, 58, 62) have shown that the reasons for the change in fermentation products, in glucose excess or glucose limitation, are correlated with differences in the intracellular pool of FBP. Under glucose limitation, the level of FBP is very low and fermentation products like acetate, formate, and ethanol are mainly generated. When the L-LDH is activated, under glucose excess and high levels of FBP, glucose is mostly converted to lactate. The allosterically activated L-LDHs have been the subject of intensive studies by chemical modification, site-directed mutagenesis, and crystal structure determination (for reviews, see references 11, 12, and 61). By comparison, little is known about nonallosteric bacterial L-LDHs, such as that of P. acidilactici. Recently, nucleotide sequences of nonallosteric L-LDH from closely related lactobacilli were determined (23, 55) , and sequence comparisons have shown that the highly conserved histidine residue H188 involved in FBP binding is not conserved (56) .
Transcriptional regulation of ldh is poorly understood. Only one detailed transcriptional analysis of the Lactococcus lactis ldhL gene has been reported (33, 34) . Those authors present evidence that this gene is expressed as part of an operon encoding three genes (pfk, pyk, and ldhL) involved in glucose fermentation. In this paper, we report the cloning and nucleotide sequence of the ldhL gene from P. acidilactici and we show that it is expressed as a monocistronic transcript whose abundance is growth rate regulated.
MATERIALS AND METHODS
Bacterial strains, plasmids, growth, and selection media. The bacterial strains and plasmids used in this study are listed in Table 1 . P. acidilactici was grown at 37ЊC without shaking in MRS broth (Difco D881). For RNA preparation, cultures of P. acidilactici were inoculated with a 1/200 dilution of an overnight preculture and grown aerobically or anaerobically at 37ЊC with shaking in MRS broth. For complementation, the FMJ144 strain was grown anaerobically at 37ЊC on M9 minimal plates supplemented with 0.4% glucose and 0.2% amino acids (peptone [Merck] ). Escherichia coli strains were grown aerobically at 37ЊC in LB broth. Antibiotics were used at the following concentrations (in micrograms per milliliter): erythromycin, 250; and chloramphenicol, 50. Anaerobic incubations were carried out in BBL anaerobic jars under H 2 -CO 2 atmospheres generated by the BBL Gas-Pak (Becton Dickinson Microbiology Systems, Cockeysville, Md.).
DNA preparation and construction of the genomic library. Genomic DNA was prepared as described previously (5) . Total DNA was subjected to partial AluI digestion, and DNA fragments were ligated to SmaI-digested pJDC9, which contains transcriptional terminators flanking the multiple cloning region (8) , thereby allowing the cloning of AT-rich chromosomal DNA such as that from lactic acid bacteria (4, 5, 23) . Recombinant plasmids were transferred into TG1 and FMJ144 strains by electroporation.
Southern blot analysis. Southern analysis was performed by standard procedures (51) . Double-stranded DNA probes were labeled with 10 Ci of ␣-35 SdATP (specific activity, Ͼ1,000 Ci/mmol; Amersham) using a random primer labeling kit (GIBCO-BRL). After electrophoresis, DNA was transferred to a nitrocellulose membrane (Hybond-C; Amersham) as recommended by the manufacturer. Prehybridization was performed for 2 h at 42ЊC in a solution of 1ϫ Denhardt's reagent (51)-7ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-50% formamide. Hybridization was done at 42ЊC for 16 h in the solution that was used for prehybridization. The membrane was then washed at 42ЊC with 5ϫ SSC-30% formamide for 15 min and then washed twice with 2ϫ SSC, twice with 0.5ϫ SSC, and finally twice with 0.2ϫ SSC. The membrane was dried under vacuum at 80ЊC and exposed to X-ray film.
DNA manipulations, sequencing, and analysis. The methods described by Sambrook et al. (51) were used for construction and isolation of recombinant DNA. Restriction and ligation were performed with enzymes from GIBCO-BRL under conditions recommended by the supplier. DNA sequencing was performed by the dideoxy chain termination method (52) with ␣-
35
S-dATP (specific activity, Ͼ1,000 Ci/mmol; Amersham) as the radioactive label. Sequencing reactions were carried out on double-stranded plasmid DNA with the Sequenase kit version 1.0 (U.S. Biochemical Corporation) using synthetic oligonucleotide primers, in accordance with the manufacturer's instructions.
Enzyme assays. Enzyme activity on crude cell extracts was measured. Reduction of 2-ketocarboxylic acids was analyzed in 0.1 M acetate buffer (pH 5.6) with 0.2 mM NADH (Boehringer) using 1 mM of sodium pyruvate (Janssen), lithium ␤-hydroxypyruvate or sodium ␤-phenylpyruvate (Sigma), and sodium 2-ketobutyrate, sodium 3-methyl-2-oxobutanoate (isovalerate), and 4-methyl-2-oxopentanoate (isocaproate) (Aldrich). NADH oxidation was monitored by the decrease in A 340 (5) . The protein contents of cell extracts were determined with the Bio-Rad protein assay reagent (Bio-Rad) on the basis of the Bradford dyebinding procedure (6) . One unit of enzyme activity was defined as the quantity of enzyme which catalyzed the conversion of 1 mol of substrate to product per min under the conditions used.
RNA isolation. RNA was prepared by a modification of the method described by Ausubel et al. (1) . The cell pellet obtained from 20 ml of growing P. acidilactici was suspended in 1 ml of cold lysis buffer (30 mM Tris [pH 7.5], 100 mM NaCl, 5 mM EDTA, 1% [wt/vol] sodium dodecyl sulfate, 100 g of proteinase K per ml) and kept on ice. Cells were mechanically broken by using a Braun homogenizer with 0.18-mm glass beads (three 1-min periods of homogenization with 30-s intervals). The cell suspension was incubated for 30 min at 37ЊC, and 1 ml of phenol-chloroform prewarmed at 60ЊC was added. Tubes were incubated at 60ЊC for 10 min and shaken every minute. The samples were then cooled on ice for 5 min. Four to six more phenol-chloroform extractions at room temperature were performed. To 1 ml of aqueous phase, 100 l of 5 M NaCl and 1 ml of 100% ethanol were added. After 30 min of incubation in ice-ethanol, the precipitate was recovered by centrifugation at 12,000 ϫ g for 30 min at 4ЊC. The pellet was dissolved in 500 l of DNase digestion buffer (20 mM Tris-HCl [pH 8], 10 mM MgCl 2 , 5 mM Vanadyl-ribonucleotide complex), 2 l of DNase solution at 10 mg/ml (RNase free; GIBCO-BRL) was added, and the samples were incubated for 1 h at 37ЊC. Four phenol-chloroform extractions at room temperature were performed. Following the last ethanol precipitation, the integrity of the RNA was checked by denaturing formaldehyde gel electrophoresis.
Northern blot analysis. Total RNA was prepared from samples taken after 6, 8, 10, and 12 h of aerobic or anaerobic culturing. Total RNA was separated in 1.2% (wt/vol) agarose-0.6% (wt/vol) formaldehyde gels (51) . Transfer to a nylon membrane (Hybond-N; Amersham) was performed as recommended. A PstI DNA fragment of pGID150 spanning the ldhL gene was radiolabeled with [␣- 32 P]dATP (specific activity, Ϯ3,000 Ci/mmol; Amersham) with a random primer labeling kit (GIBCO-BRL). Sizes were determined by using an RNA ladder (0.24, 1.4, 2.4, 4.4, 7.5, and 9.5 kb; GIBCO-BRL) as the molecular size standard.
Prehybridization and hybridization procedures were the same as those described for Southern blot analysis, except that salmon sperm DNA at a final concentration of 0.1 mg/ml was added.
Primer extension analysis. Primer extensions were performed according to the method described by Sawers and Böck (53 M each of the four deoxynucleotides) and 0.5 l of RNasin (143 U/l; Amersham) were added. The reaction was started by the addition of 9 U of avian myeloblastosis virus reverse transcriptase (Amersham), and the mixture was incubated at 42ЊC for 30 min. The reaction was stopped by two chloroform extractions. The supernatant was precipitated and washed. The dried pellet obtained was suspended in 10 l of formamide dye, and 4 l was applied to a sequencing gel together with sequencing reaction mixtures performed with the same oligonucleotide. Nucleotide sequence accession number. The nucleotide sequence data reported in this paper will appear in the EMBL, GenBank, and DDBJ nucleotide sequence data bases under accession number X70927.
RESULTS
Cloning of ldhL. The ldhL gene of P. acidilactici was cloned by complementation of a double mutant of E. coli (FMJ144 strain) deficient for LDH and pyruvate formate lyase (36) . Since both enzymes are essential for anaerobic growth of E. coli, the FMJ144 strain will thus grow in the absence of oxygen only when it is complemented by a ldh or pfl gene (5, 17, 23, 43) . Complementation was performed with a library made of about 50,000 recombinant plasmids containing partially digested AluI chromosomal fragments. Transformants capable of growth under anaerobiosis were selected. Three clones growing in the presence of erythromycin and chloramphenicol under anaerobiosis were isolated. Restriction endonuclease digestion patterns of plasmid DNAs prepared from these three clones indicated (data not shown) that they spanned 1.2, 1.9, and 5.4 kb and were overlapping. Southern blotting was performed using as a probe the 1-kb PstI insert from pGID150 spanning the ldhL gene (see below) against HpaI, KpnI, PstI, PvuII, and SalI digests of total DNA. Hybridization yielded single or double hybridizing fragments (data not shown), indicating that the cloned ldhL gene is present in a single copy.
The recombinant clones were assayed for the ability to catalyze the reduction of various 2-ketocarboxylic acids (Table 2) . Enzyme activity was greatest when pyruvate was used as the substrate, indicating that the enzyme was an LDH.
DNA sequence. The insert was sequenced by using plasmids pGID150, pGID160, and PGID170 as described in Materials and Methods. pGID150 was completely sequenced, and determination of flanking sequences from pGID160 and pGID170 confirmed that the three clones were overlapping. The 1,618-bp nucleotide sequence shown in Fig. 1 contains one complete open reading frame of 323 codons (from positions 332 to 1300) preceded by a putative Shine-Dalgarno site (AAGGG) complementary to the sequence 3Ј-UUCCUC-5Ј (complementary bases underlined) at the 3Ј end of Lactobacillus plantarum 16S rRNA (EMBL accession number, M58827) which was used as a reference, since the 3Ј end of P. acidilactici 16S rRNA is not known (16) . Phylogenetic analyses have shown that P. acidilactici and L. plantarum are closely related (15) and, moreover, that the sequence 3Ј-UUUCCUCCA-5Ј is conserved at the 3Ј ends of L. plantarum, L. lactis, and Bacillus subtilis 16S rRNAs (7) . The free energy of double-helix formation (⌬G f ) was calculated to be Ϫ10.4 kcal (ca. Ϫ43.5 kJ)/mol (59) . Five potential boxes of hybridization with the 5Ј end of P. acidilactici 16S rRNA (16) were found upstream and downstream of this weak putative Shine-Dalgarno sequence (Fig. 1) . The possible role of these boxes is examined below.
Inspection of the 3Ј noncoding sequence showed an inverted repeat sequence followed by a cluster of Ts that could form a VOL. 61, 1995 ldhL FROM P. ACIDILACTICI 267 stem and loop structure in mRNA with a calculated ⌬G f of Ϫ25 kcal (ca. Ϫ105 kJ)/mol (59). This structure is likely to function as a rho-independent transcriptional terminator. The deduced primary structure of the encoded L-LDH is composed of 323 amino acids, with a predicted M r of 34,500. The P. acidilactici L-LDH exhibits sequence similarity to those of other bacterial L-LDHs (Fig. 2) , with a particularly high identity score (83%) to L. plantarum and Lactobacillus pentosus L-LDHs (23, 55) .
Northern analyses of ldhL transcripts. Total RNA was isolated and used to prepare Northern blots from samples taken after 6 (exponential phase), 8 (end of exponential phase), 10 (beginning of stationary phase), and 12 (stationary phase) h from aerobic or anaerobic cultures. These samples were hybridized with the ldhL probe corresponding to the 1-kb PstI fragment from pGID150. Autoradiograms (Fig. 3) showed a single 1.1-kb transcript hybridizing with the probe. These data also showed that the abundance of ldhL mRNA steadily decreased during the later stages of growth. This trend is observed in both aerobic and anaerobic samples. Although the weaker intensities of the signals from 10-h and 12-h anaerobic cultures compared with the signals from 10-h and 12-h aerobic cultures (Fig. 3) were mainly due to differences in RNA loading, as can be seen in Fig. 3A , differences between aerobic and anaerobic expression could not be entirely ruled out.
Determination of the ldhL transcription start point. Total RNA was isolated from a 6-h aerobic culture of P. acidilactici and subjected to primer extension analysis with oligonucleotides L1 and L2 (Fig. 1) . It can be seen (Fig. 4) a Crude cell extracts were assayed as described in Materials and Methods. One unit of activity was defined as the quantity of enzyme which catalyzed the conversion of 1 mol of substrate to product per min under the conditions used. Activities in parentheses are expressed relative to that of FMJ144(pGID150) on pyruvate set at 100.
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GARMYN ET AL. APPL. ENVIRON. MICROBIOL. (34) , Streptococcus mutans (STRMU) (20) , Bacillus megaterium (BACME) (60), B. stearothermophilus (BACST) (3), B. subtilis (BACSU) (29) , B. longum (BIFLO) (39) , Thermus aquaticus (THEAQ) (42) , Thermotoga maritima (THEMA) (43) , and Mycoplasma hyopneumonia (MYCHY) (28) . Amino acids identical to those of the P. acidilactici L-LDH are shaded. Amino acids that are identical in all of the sequences are boxed. Percentages at the bottom indicate identity scores between each sequence and P. acidilactici L-LDH. The black boxes refer to amino acids whose possible functions are indicated in Table 3. VOL. 61, 1995 ldhL FROM P. ACIDILACTICI 269 plus signs in Fig. 1 ). The additional bands around these three signals were obtained only with each oligonucleotide taken separately and represent aspecific reverse transcription products. These transcription start points allowed location of the promoter to the sequence TCAACT-(17 bp)-TATAAT (underlined in Fig. 1 ). The ldhL promoter shows a high similarity to the consensus sequence found in vegetative promoters from gram-positive bacteria as well as from E. coli (27) . Sequence conservation is higher in the Ϫ10 region than in the Ϫ35 region, and a TG doublet is observed 1 bp upstream of the Ϫ10 region. Similar features are found in several promoters of L. lactis (19) .
DISCUSSION
The gene encoding the nonallosteric LDH from P. acidilactici was isolated. Its derived amino acid sequence exhibits similarity to those of other bacterial L-LDHs (Fig. 2) and in particular to those of nonallosteric L-LDHs from L. plantarum and L. pentosus (83% identical amino acids) (23, 55) and to that of allosteric L-LDH from Lactobacillus casei (63% identity) (32) . This ranking of similarity is consistent with comparative analyses of 16S rRNA, which indicate that these species are members of the same phylogenetic group (15) . All of the residues involved in catalysis, substrate recognition, and nucleotide binding are perfectly conserved (Fig. 2) (Table 3 ). In contrast, one of the two amino acids involved in FBP allosteric regulation (R173 and H188) is not conserved in the P. acidilactici enzyme, in which an aspartate residue is substituted for the highly conserved histidine residue H188. This substitution is shared only with L. plantarum and L. pentosus (Fig. 2) . X-ray crystallography of Bacillus stearothermophilus and Bifidobacterium longum allosteric L-LDHs revealed that FBP binds directly to two facing anion-binding sites across the molecular P axis of the tetramer (31, 61) . In the absence of FBP, the positive charges of R173 and H188 are mutually repulsive across the P axis and are responsible for the relative unstability of the tetramer (10, 13, 14, 37, 54, 61) . The two negatively charged phosphate groups from FBP form an ionic interaction with both histidines and stabilize the oligomer. Site-directed mutagenesis experiments showed that the D188H substitution is sufficient to restore FBP-binding ability in L. pentosus and that D188 contributes to the stabilization of enzyme activity at physiological temperature (56 (7) . Recently, possible interactions with the 16S rRNA 5Ј end have been identified downstream of the start codons of several E. coli mRNAs, and it has been speculated that these additional interactions might enhance the affinity of mRNA for the 30S ribosomal subunit (38, 46 ). An analysis of eight different translation initiation regions (TIRs) from L. plantarum revealed the presence of similar boxes upstream and downstream of the Shine-Dalgarno sequence which could also interact with the 5Ј end of L. plantarum 16S rRNA, and it was proposed that L. plantarum TIRs have evolved additional contacts between ribosome and mRNA (30) . Sequence analysis of the ldhL transcript from P. acidilactici also revealed the presence of conserved regions likely to interact with the 5Ј end of P. acidilactici 16S rRNA (Fig. 1) . These putative interactions exhibited average ⌬G f values of Ϫ8.5 kcal (ca. Ϫ36 kJ)/mol. These regions could enhance the affinity of mRNA for the 30S ribosomal subunit and compensate for the relative weakness of the ShineDalgarno interaction.
Few transcriptional analyses of LDH bacterial genes have been reported so far. The only examples are analyses of ldhLs from L. lactis and B. longum. In L. lactis, ldhL is part of the las operon which encodes phosphofructokinase, pyruvate kinase, and L-LDH (33, 34) . In B. longum, the promoter is close to the 5Ј end of the ldhL and the 3Ј end contains a putative transcriptional terminator, suggesting that transcription is monocistronic (39) . We have identified the 5Ј end of the P. acidilactici ldhL transcript, and a promoter sequence has been defined at a location close to the translation start. This, together with the presence of a putative rho-independent transcriptional terminator, suggests a monocistronic mode of transcription. The existence of a 1.1-kb ldhL monocistronic transcript was confirmed by Northern blot analyses under both anaerobic and aerobic conditions.
Northern analysis data presented here show that the P. acidilactici ldhL transcript is more abundant in the exponential phase and decreases during the later stages of growth. It is known that proteins which show no significant alterations in cellular content with changes in cell doubling time must be synthesized at rates that vary in direct proportion to the growth rate of the cell (45) . This is likely the case for the key metabolic gene ldhL in P. acidilactici, as is also true for some metabolic genes in E. coli (44, 49) . Different steps of ldhL gene expression could be subject to growth rate control. Growth rate- dependent gene regulation has been shown to occur at the transcriptional, translational, and mRNA stability levels (9, 40, 41, 44, 47, 48) . Systematic approaches by Northern analysis in B. subtilis have shown that most vegetative transcripts are detected only in exponential phase (2) . The data presented here do not allow discrimination of whether growth rate regulation is exerted at a transcriptional or an mRNA stability level. However, the 5Ј untranslated region of the P. acidilactici ldhL transcript is relatively short (41 to 44 bp) and free of secondary structure, in contrast to other long 5Ј untranslated regions in which a secondary structure has been shown to stabilize mRNA in a growth rate-dependent manner (21, 35) . Further studies will aim at the confirmation of growth rate regulation in this system and identification of the underlying mechanisms. 
